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Relation between concentrations of digoxin
in the myocardium and in the plasma
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It soon becomes apparent to those who use cardiac
glycosides clinically that the relation between the
amount of drug administered and the therapeutic
effect is highly variable. The correlation of dose
and effect of the drug is influenced by a number of
factors including bioavailability, completeness of
absorption, apparent volume of distribution, rate
of elimination, degree of plasma protein binding,
diffusion and active transport to the site of action,
and local factors at the side of action (Koch-Weser,
1972; Sjoqvist and Bertilsson, 1973). Koch-
Weser (1972) has proposed that for the great
majority of drugs individual differences in response
to a certain dose of a drug are primarily the result
of individual differences in plasma concentration
achieved, rather than of a different intensity of effect
associated with the same plasma concentration. In
general terms this has proved true for the digitalis
glycosides, and much of the relevant evidence is
reviewed by Sheiner (1974) who concludes that,
'The serum concentration of digitalis preparations
bears a more consistent relationship to drug effects
than do doses administered'. With the ready com-
mercial availability of digoxin radioimmunoassay
systems, plasma digoxin measurements are now
often made. Antisera for the other cardiac glyco-
sides, including digitoxin, have also been prepared.
The importance of knowledge of the timing of the
blood sample in relation to drug administration and
of the drug's kinetic pattern (Vere, 1972; Doherty,
1973; Ewy et al., 1974) must be emphasised. Endo-
genous or exogenous steroids, or steroid antagonists
such as spironolactone, may interfere with the
radioimmunoassay if antisera of sufficient specificity
are not selected (Smith and Haber, 1973; Steiness,
1974).
The interpretation of drug concentrations in

plasma would be straightforward if: (1) therapeutic
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effect depended on the drug itself and not on
metabolites, (2) protein binding was minimal, (3)
the concentration/response graph followed a known
and readily definable form such as the linear or
monoexponential, and (4) the functional state of
the drug receptor responded predictably and
instantaneously, or nearly so, to changes in plasma
concentration. The first condition is satisfied by
digoxin but the second and third conditions are only
partially satisfied, and the fourth is not. The im-
portance of the second and third points is crucial
and may be illustrated by recourse to the conceptual
device of mathematical modelling. The simplest
practical model to consider in this situation is the
two-compartment model first comprehensively
described by Teorell in 1937 (Vere, 1972). Ad-
ministered drug rapidly enters a 'space' where
thorough mixing soon occurs (first compartment f
blood and some part of well-perfused tissues) and
thereafter exchanges with a 'space' more remote
from the outside world by virtue of relatively
slower ingress and egress of drug across the
intercompartmental boundary (second compart-
ment t cells and most drug receptor sites).
Intercompartmental transfer is treated as a two-way
flux, and absorption and elimination of the drug as
one-way fluxes according to the Fick equations for
simple diffusion, a valid approach simply because
most drugs are effectively non-electric in their
transfer behaviour. Teorell showed that very soon
after full absorption of a drug, all the terms in the
mathematical description of the fluxes across the
various boundaries become vanishingly small
except for the one-way flux of drug removal from
tissue. This leaves a single exponential for removal
of drug from the blood and so, unless blood
volume alters, plasma concentrations of the drug
should follow this exponential form (Vere, 1972).
Tissue inactivation of digitalis glycosides does not
occur and in this situation the tissue concentration
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curve reaches a maximum where it cuts the curve
for concentration in plasma. Beyond that point the
flow of drug reverses, being driven by the concen-
tration gradient from tissue into blood. The time
to plasma peak concentration is independent of the
dose of drug given but the height of the peak is
directly proportional to it. The half-time (Ti) is
also independent of the initial, peak, or any other
concentration of the drug, being a pure function of
one-rate constant in the model. It is found from the
slope (k) of the final exponential part of the plasma
concentration curve by:

ln2
k

where ln is the logarithm to the base e (Vere, 1972).
The Teorell model was developed from consider-

ation of the kinetics of free drug in plasma. When
reversible protein binding occurs this effectively
adds another compartment to the system. Digoxin
is 23 per cent bound to plasma albumin (Lukas and
De Martino, 1969) and since protein binding is not
easy to simulate (Vere, 1972) this limits the accuracy
of the Teorell model for the kinetic pattern of the
drug.
From our consideration of some of the pharmaco-

kinetic principles influencing the plasma concen-
trations of the cardiac glycosides, we now turn to
look at data that have become available on their
myocardial concentration. Digitalis glycosides are
present in myocardial tissue in far higher concentra-
tions than in skeletal muscle or plasma. For example,
Coltart et al. (1972) found that in 8 patients under-
going mitral valve replacement, who had been on
maintenance treatment with digoxin, the content
in papillary muscle ranged from 15-5 to 132 ng/g
(mean 77.7) and in skeletal muscle from 7-5 to
23 ng/g (mean 11.3). The ratio of myocardial
digoxin concentration to plasma digoxin concentra-
tion varied between patients from 39:1 to 155:1.
Doherty et al. (1967) gave 8H-digoxin to adults
shortly before their expected time of death and
found the ratio of myocardial-to-serum digoxin
concentration to range from 17:1 to 65:1, with a
group mean digoxin concentration in myocardial
samples of 85 ng/g. In patients with normal renal
function digoxin concentrations were even higher
in the kidney than in the myocardium, though with
those in renal failure this did not occur. However,
in myocardial samples devoid of fibrous tissue,
Hartel et al. (1976) have shown a linear correlation
between serum digoxin and papillary muscle digoxin
concentrations from 12 adults undergoing mitral
valve replacement, confirming an earlier similar
finding by Gillner et al. (1974).
Kim et al. (1975) obtained tissue from 7 prema-

ture infants, 4 full-term newborn infants, and 4
older children who had received digoxin for cardiac
failure. The group mean digoxin levels in right and
left ventricular samples from the premature and the
full-term infants were all around 190 ng/g, but in
the samples from older children the group mean
levels were around 70 ng/g. Gorodischer et al.
(1976) found the myocardial uptake of digoxin to
be almost twice as great in infants as in adults at
any given serum concentration. Yet children seem
to be less sensitive to digitalis than adults. A defini-
tion of sensitivity includes two mechanisms: age-
related pharmacokinetic differences, and age-related
differences in the drug's effect at a given concentra-
tion. Experimentally, it has been shown that the
age-related pharmacokinetic differences result from
a large volume of distribution of digitalis glycosides
in the immature animal (Glantz et al., 1976), and
also at the same drug concentration the Purkinje
fibres of the young canine myocardium were less
sensitive to digitalis effect than those from adult
animals (Rosen et al., 1975). These findings explain
the larger therapeutic dose per kilogram body
weight of digitalis required in children.

Cardiac transplantation has afforded a very
special opportunity to study the distribution of
digoxin in the human heart because samples from
the recipient's organ can be analysed with both the
timing of the last digoxin dose known and a plasma
sample taken after induction of anaesthesia, and
before cardiopulmonary bypass. In such a study of
7 transplant recipients' hearts, Coltart et al. (1974)
found no consistent relation between plasma con-
centrations and tissue concentrations of digoxin in
samples from each of the cardiac chambers. More-
over, in the presence of diffuse histological abnor-
malities of the myocardium, tissue digoxin was
decreased and such structural inhomogeneity
seemed at least partly to account for disparities in
tissue concentrations within individual hearts.
Minimal general fibrosis and milder specific histo-
logical abnormalities did not alter distribution
between various chambers. In 2 patients given
labelled digoxin for their last dose, 4 and 5 hours
before surgical removal of the heart, the ratio of
labelled to total myocardial digoxin was relatively
constant for all 4 cardiac chambers.
The receptor for the cardiac effects of the digitalis

glycosides has not been isolated or fully character-
ised, but there is evidence that it is intimately linked
with the enzyme sodium, potassium-activated
adenosine triphosphatase (Na+, K+-ATPase)
(Akera et al., 1970; Besch et al., 1970; Schwartz,
1976). Na+, K+-ATPase is present in the micro-
somal fraction ofhuman heart muscle (Coltart et al.,
1974) and it has generally been found that binding
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of cardiac glycosides to the myocardium of sensitive
species is mainly in the microsomal fraction
(Marks, 1972; Goldman et al., 1973).

In recipients' hearts removed at cardiac trans-
plantation, Coltart et al. (1974) found that in the
presence of diffuse histological abnormalities of the
myocardium, tissue digoxin concentrations were

decreased, but in 3 hearts microsomal fraction
digoxin concentrations in samples from various
parts of the heart were uniform. Thus, the
inhomogeneity of tissue digoxin concentrations in
these diseased and malfunctioning hearts is not

paralleled by site-to-site disparities of microsomally
bound digoxin and this presumably reflects uni-
formity of binding to the possible receptor site.
Perhaps even more interesting is the fact that the
plasma digoxin concentrations at the start of opera-

tion versus left ventricular sample microsomal
fraction digoxin concentrations were 1 8 ng/ml
versus 1 9 ng/mg, 2-6 ng/ml versus 2 5 ng/mg, and
1 0 ng/ml versus 1P2 ng/mg (Coltart et al., 1974).
Such evidence suggests that plasma concentrations
could give a better guide to digoxin concentrations
at the receptor site than whole-tissue digoxin con-

centrations.
To conclude, it is important to emphasise that

the clinical effects of the digitalis glycosides can be
modified by many agents and circumstances. This
variability of effect may not result solely from
different plasma digoxin concentrations. The
digitalis glycosides exert 'indirect' effects upon the
heart by actions on the autonomic nervous system.

Therapeutic doses enhance vagal tone (sinus rate

slowing, atrioventricular conduction slowing, de-
crease in automaticity of atrial ectopic pacemakers,
and decrease in refractory period of atria] muscle
cells) and sensitise carotid sinus baroreceptors (at
same level of blood pressure leading to increased
efferent vagal activity and concomitant withdrawal
of sympathetic tone), and high doses are sympatho-
mimetic (increasing traffic in cardiac, phrenic, and
peripheral sympathetic nerves) (Gillis et al., 1975;
McRitchie and Vatner, 1976). Smith (1973)
presents some of the evidence for alterations in
individual sensitivity to cardiac glycosides according
to the following other factors: plasma electrolytes
(potassium, magnesium, and calcium), adequacy of
tissue oxygenation, acid-base balance, age, renal
function, thyroid status, other drugs used con-

currently, and type and severity of the underlying
heart disease. It remains to be seen how many of
these factors may exert their influence by modifying
the tissue concentrations and/or subcellular localisa-
tion of the glycosides.
We believe that the measurement of plasma

concentrations of cardiac glycosides can provide

useful guidelines in patient care. The information
obtained must always be interpreted in the light of
the pharmacokinetic principles which apply to this
group of drugs, and with an awareness of the many
factors that can modify an individual's response to

them.
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